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UNIPOLAR  ARCING,  A  BASIC  LASER  DAMAGE  MECHANISM 

F,  Schwirzke 

Naval  Postgraduate  School 
Monterey,  California    93940 

Laser  beams  interact  with  surfaces  by  a  variety  of  thermal,  impulse 
and  electrical  effects.  Energy  coupling  is  considerably  enhanced  once 
surface  electrical  breakdown  occurs.  The  laser  heated  plasma  interacts 
then  with  the  surface  via  three  major  interrelated  damage  mechanisms: 
thermal  evaporation,  ion  sputtering,  and  unipolar  arcing.  While  the  first 
two  are  purely  thermal  and  mechanical  effects,  unipolar  arcing  is  an 
electrical  plasma-surface  interaction  process  which  leads  to  crater 
formation,  usually  called  laser- pitting,  a  process  which  was  often  observed 
but  not  well  understood.  Without  any  external  voltage  applied,  many 
electrical  micro-arcs  burn  between  the  surface  and  the  laser  heated  plasma, 
driven  by  local  variations  of  the  sheath  potential  with  the  surface  acting 
as  both  the  cathode  and  anode.  Unipolar  arcing  represents  the  most  damaging 
and  non-uniform  laser-plasma-surface  interaction  process  since  the  energy 
available  in  the  plasma  concentrates  towards  the  cathode  spots.  This  causes 
cratering  of  the  surface.  Unipolar  arcing  is  the  primary  plasma-surface 
interaction  process  once  breakdown  occurs.  The  onset  of  arc  damage  is 
coincident  with  the  onset  of  plasma  formation.  Never  was  there  a  plasma 
evident  without  attendant  unipolar  arc  craters.  At  low  irradiance  there  was 
no  other  laser  damage  (like  melting)  observed,  all  damage  was  in  the  form  of 
unipolar  arc  damage. 

Key   Words:   Laser   damage   mechanism;   Laser-induced   unipolar   arcing; 
Unipolar  arc  model. 


1.   INTRODUCTION 

Progress  in  pulsed  power  technology  has  been  hampered  by  many  plasma 
physics  and  technical  problems  not  the  least  of  which  has  been  the  problem 
area  of  plasma  surface  interactions.   Surface  breakdown  by  high  power  laser 
radiation  leads  to  the  formation  of  a  plasma  layer  in  front  of  the  laser 
illuminated  surface.    Unipolar  arcing  then  occurs  at  a  sufficiently  high 
plasma  electron  temperature. 

The  term  unipolar  arc  was  first  used  by  Robson  and  Thoneman  [1]  in 
1958.  In  their  article  they  described  the  existence  of  an  arc  which 
"required  only  one  electrode  and  is  maintained  by  the  thermal  energy  of  the 
plasma  electrons."  The  basis  of  their  model  is  that  at  equilibrium  there 
must  be  zero  net  current  between  an  exposed  conducting  plate  and  a  plasma. 
A  retarding  potential  is  established  between  plate  and  plasma.  This 
floating  sheath  potential  Vf  prevents  all  but  the  higher  energy  electrons 
in  the  maxwellian  distribution  to  reach  the  surface.  Thus  at  equilibrium 
the  net  current  becomes  zero.  The  sheath  potential  depends  on  the  electron 
temperature.  If  the  electron  temperature,  Te,  is  sufficiently  large  such 
that  Vf  exceeds  the  potential  to  initiate  and  sustain  an  arc,  the  authors 
argued  that  there  will  be  strong  local  emission  of  electrons  from  a  cathode 
spot  on  the  plate  into  the  plasma.  Figure  1  represents  this  process.  The 
plasma  potential  then  lowers  from  Vf  to  the  cathode  fall  potential  Vc  of 
the  arc.  With  the  plasma  potential  now  lowered  more  electrons  can  return  to 
the  plate,  thus  closing  the  current  loop  and  maintaining  the  plasma's 
quasi-neutrality .     The   circulating   current   is   given   by   the   increased 
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Figure  la.  Equilibrium  flow  of 
electrons  and  ions  to  isolated 
plate. 
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Figure  lb.   Equilibrium  flow 
of  electrons  and  ions  to 
isolated  plate  with  electron 
emission  from  a  cathode  spot. 


electron  return  current  to  the  plate  of  area  A  due  to  the  reduction  of  the 
sheath  potential  from  Vf  to  Vc, 
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exp 
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is  the  electron  density,  k  the  Boltzmann  constant 
The  arc  was  sustained,  they  argued,  until  Ic 


and  e  the  elementary 
charge.  The  arc  was  sustained,  they  argued,  until  Ic  fell  below  a  minimum 
current  Ia.  The  value  of  Ia  depends  on  the  material  of  the  plate.  The 
Robson-Thoneman  mechanism  implies  a  constant  plasma  electron  density  ne 
contributing  to  the  return  current  over  a  large  area  A  of  the  wall. 

The  existence  of  unipolar  arcs  has  been  verified  with  extensive 
experimental  evidence.  Arc  tracks  have  been  observed  on  many  tokamak 
surfaces  [ 2-6  ]  . 


2.   UNIPOLAR  ARC  MODEL 

While  the  Robson-Thoneman  mechanism  describes  essentially  the  return 
current  flow  by  eq  (1),  our  model  elaborates  upon  the  electric  fields  which 
are  set  up  in  the  plasma  and  drive  the  arc.  The  condition  of  plasma 
quasi-neutrality ,  ne  =  n^ ,  leads  to  the  formation  of  a  sheath  wherever 
the  plasma  is  in  contact  with  a  wall.  Since  the  electrons  have  a  higher 
thermal  velocity  than  the  ions,  an  ion  rich  boundary  layer  is  formed  and  the 
plasma  potential  is  positive  with  respect  to  the  wall.  The  magnitude  of 
this  sheath-  or  floating-potential  is  proportional  to  Te,  depends  weakly 
on  the  ion/electron  mass  ratio  Mj_  /me ,  and  is  independent  of  the  plasma 
density, 


Vf  =  (kTe/2e)«,n(Mi/27rme) 


(2) 


The    sheath  width   is   proportional    to   the    Debye    shielding    length 


XD   =    (kTeMTrn/ef)1/2 


(3) 


The  plasma  loss  rate  to  the  wall  is  controlled  by  tehe  sheath  potential. 
It  accelerates  the  ions  and  electrostatically  reflects  most  of  the  electrons 


such  that  electrons  and  ions  reach  the  surface  in  equal  numbers.  Since  the 
ions  are  much  more  effective  than  electrons  in  the  Resorption  and  sputtering 
of  surface  particles  and  the  rates  increase  steeply  with  energy  in  the  range 
of  interest,  sputtering  and  desorption  of  loosely  bound  particles  [7] 
become  worse  if  the  sheath  potential  increases  due  to  an  increase  of  the 
electron  temperature  near  the  wall  [8].  Electron  and  ion  recombination  on 
the  surface  contribute  to  surface  heating. 

Unipolar  arcing,  where  the  wall  acts  as  both  the  anode  and  the  cathode, 
occurs  if  the  sheath  potential  increases  sufficiently  to  ignite  and  sustain 
an  arc.  The  Robson-Thoneman  unipolar  arc  model  implies  a  constant  plasma 
density.  However,  for  an  arc  to  develop  it  is  also  necessary  that  the  ion 
density  increases  above  the  cathode  spot,  in  order  to  enable  a  larger 
electron  current  to  flow  into  the  plasma.  Figure  2  shows  schematically  our 
unipolar  arc  model  which  takes  into  account  the  increase  of  plasma  density 
due  to  ionization  of  neutrals  released  from  the  cathode  spot. 

The  initial  experiments  were  conducted  on  type  304  stainless  steel 
targets  [9]  which  had  been  highly  polished.  Surface  protrusions, 
metallurgical  inhomogenities ,  inclusions  or  whiskers  from  processing 
operations  such  as  milling  and  grinding  can  serve  as  initial  cathode  spots. 
Furthermore,  plasma  waves  and  associated  potential  fluctuations  in  the 
sheath  [10]  can  enhance  electron  emission  and  initiate  cathode  spots.  The 
increased  electric  field  strength  on  surface  protrusions  will  also  increase 
the  ion  flux  from  the  plasma  to  these  spots.  Increased  ion  bombardment  and 
recombination  rates  lead  to  a  locally  increased  surface  temperature.  This 
results  in  desorption  of  neutral  gas  molecules  and  evaporation  of  metal 
atoms  from  the  surface  spot  into  the  plasma.  The  ionization  of  a  small 
fraction  of  the  released  neutral  atoms  results  in  a  local  increase  in 
density  of  the  plasma  above  the  cathode  spot. 

The  equation  of  motion  for  the  electron  fluid  is  given  by 

8V  n  e 

pe  9iT  =  "ene(*  +  VS)  "VPe  +  "f"  '  =  °        <4> 


Where  pe  =  neme  is  the  electron  mass  density,  Ve  the  fluid  velocity 
of  the  electrons,  Pe  the  pressure,  j  the  current  density,  and  o  the 
electrical  conductivity.  The  electron  inertial  term  is  insignificant  for 
the  characteristic  time  for  arc  evolution.  Thus,  setting  eq  (4)  equal  to 
zero  and  furthermore  for   B  =  0,  solving  for  E,  one  obtains, 


g  =  1  -  L_  Vp 

o   nee 


For  j  =  0,  the  ambipolar  electric  field  becomes  EQ  =  -(1/e  n  ) VP 

For  a  weakly  ionized  plasma,  the  ratio  j/a  =AE  becomes  independent  of 
ne  and  small  in  comparison  to  EQ: 
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Figure  2.   Unipolar  arc  model 


Figure  3.   Unipolar  arc  craters.   The  outer  rim  diameter  is  5.5   ym.   The 
dark  cathode  spot  at  the  center  has  a  diameter  of  0.7  ym,  smaller  than  the 
laser  wavelength  of  A  =1.06  ym. 


Our  model  implies  that  the  mean  free  path  length  Xe  is  larger  than  the 
dimensions  of  the  neutral  cloud  above  the  cathode  spot.  Since  the  build-up 
of  the  plasma  pressure  gradient  is  caused  by  ionizing  a  fraction  of  the 
neutral  particles,  we  assume  Xg>d,  where  d  is  the  characteristic  pressure 
gradient  length.  Even  if  Xe  £d,E<  E0  since  the  current  associated  drift 
velocity  of  the  electrons  Ve<<y,  where  v     is  the  electron  thermal  velocity. 

The  probability  that  a  neutral  atom  is  ionized  in  or  near  the  sheath  is 
of  the  order  of  the  Debye  length  divided  by  the  mean  free  path  lenqth.  This 
ratio  is  much  less  than  unity.  For  values  of  ne  =  5  x  lO-*-  cm  "'  and 
kT  =  lOeV,  which  may  be  representative  for  an  initial  laser  produced  low 
density  plasma  layer,  Xp  =  10~4  cm.  The  electron  mean  free  path  for 
ionizing  a  neutral  atom  is  Xe  =  l/nQo±  .  Under  vacuum  conditions  the  neutral 
particle  density  n0  in  the  sheath  depends  on  the  desorption  and 
evaporation  rates  from  the  surface.  Iron  atoms  emitted  at  the  melting 
temperature  of  1526°C  leave  the  surface  with  a  thermal  velocity  of  about 
10->  cm  s  ~  .  Their  time  of  flight  to  pass  through  the  sheath  would  be 
10~9  s.  If,  for  example  only  one  monolayer,  i.e.,  2  x  10-L5  particles 
cm-2  are  released  from  a  surface  spot  during  this  time,  the  neutral 
particle  density  within  a  Debye  length  will  increase  to  nQ  =  2  x  lO-^  crn-^. 
(For  comparison,  atmospheric  density  at  0°C  corresponds  to  2.7  x  lO-^  crrT^.) 
If  we  assume  that  the  ionization  cross  section  a^  is  10~17CIll2f  Xe  becomes 
0.005  cm.  Thus  a  small  fraction,  Xq/  Xe  =  2  x  10~2,  of  the  neutral  atoms 
would  be  ionized  within  a  Debye  length  from  the  surface.  This,  however, 
increases  the  plasma  density  from  5  x  10  ^  cm  to  ni  =  (2  x  10~2)  nQ  = 
4  x  1C>17  era"-'  ,i.e.,  by  a  factor  of  800  within  1  ns.  Correspondingly,  the 
local  XD  would  rapidly  decrease  to  3.7  x  10~6  cm. 

An  ion  produced  in  the  sheath  is  driven  back  to  the  surface  by  the 
electric  field  which  is  of  the  order 

E  z   Vf/XD  (5) 

The  time  of  flight  to  return  to  the  surface  is  proportional  to  the  Debye 
length  and  the  acceleration  in  the  electric  field  a  =  (eVf ) / (M^XD ) . 
Thus 

t  =  (2XD/a)1/2  =  XD(2Mi/eVf)1/2 

For  the  initially  assumed  Debye  length  of  10~4  cm  an  iron  ion  needs 
about  lOps  to  fall  back  to  the  surface.  Since  the  Debye  length  decreases 
with  build-up  of  the  local  plasma  density  above  the  cathode  spot,  later 
released  neutrals  which  become  ionized  in  the  sheath  need  only  picoseconds 
to  return  to  the  surface.  The  increased  ion  bombardment  and  release  of 
recombination  energy  lead  to  a  further  increase  in  surface  temperature. 
This  in  turn  represents  a  feedback  mechanism,  leading  to  a  further  release 
of  absorbed  oases  and  material  evaporation  at  a  sufficiently  high  power 
deposition.  Since  the  mean  free  path  for  electrons  is  much  larger  than  the 
sheath  width,  the  additional  ionization  of  neutral  atoms  in  (or  near)  the 
sheath  and  the  acceleration  of  these  ions  in  the  sheath  implies  a  concen- 
tration of  available  plasma  energy  towards  the  arc  spot.  Of  course,  most  of 
the  neutral  atoms  released  from  the  surface  become  ionized  within  the 
plasma.  The  locally  increased  plasma  density  reduces  XD  and  thus  the 
sheath  width.  Correspondingly,  the  locally  increased  plasma  pressure  above 
the  cathode  spot  leads  to  an  increasing  electric  field  E  (V/cm)  to  drive 
the  arc  current: 

|E     I  z   V  A    <  V^/X-  =  6.6  x  10_3(nQ  kT  )1/2      (6) 
1  arc  '    c   D   ~   f   D  e    e' 

where  kTe  is  measured  in  electronvolts  and  ne  in  reciprocal  cubic 
centimeters.  The  high  density  plasma  above  the  cathode  spot  is  biased  with 
respect  to  the  surface  via  the  cathode  fall  potential  of  the  arc.  The  high 
density  plasma  dominates  the  surrounding  lower  density  background  plasma. 
The  increased  plasma  pressure  above  the  cathode  spot  thus  also  leads  to  an 


electric  field  Er  in  the  radial  direction,  tangential  to  the  surface: 


kT      dn  ,-,. 

E     = S-e+1  <7> 

r  en     dr  a 


Neglecting  the  j/o  term,  this  radial  field  reduces  the  plasma  potential  in  a 
ring-like  area  surrounding  the  higher  plasma  pressure  above  the  arc  spot  by 


kT     n  (r) 

Av(r)  =  — £  In   -§ (8) 

e 


The  ratio  of  the  maximum  plasma  density  above  the  cathode  spot  to  the 
unperturbed  plasma  density  can  easily  be  of  the  order  (ne/neo)  *  103 
or  larger.  The  reduced  sheath  potential  in  this  ring  area  allows  more 
electrons  from  the  high  energy  tail  in  the  maxwellian  distribution  to  reach 
the  surface,  this  closing  the  current  loop  of  the  unipolar  arc,  figure  2. 
In  fact,  equating  AV  with  the  sheaths  floating  potential,  eq  (2) 
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we  find  that  independent  of  the  electron  temperature  the  sheath  potential 
approaches  zero  when 
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1/2 


eo    \        e 


In  this  case,  the  electron  return  current  to  the  surface  is  determined  by 
ne  and  the  electron  thermal  velocity.  This  electron  saturation  current 
is 

en  y  (9) 

i"  =  -IT-   A 
s     4 


Equation  (9)  can  be  used  to  estimate  the  order  of  magnitude  of  the  surface 
area  A  needed  for  the  velectron  return  current.  If  the  arc  current  is  10  Amp 
and  ne  =  (Mi/2TTme  )*■  neo  =  130neo  for  the  mass  Mj_  of  iron  ions 
and  if  we  consider  a  laser  produced  plasma  near  the  surface  with  initially 
neo  =  5  x  1014  cm-3  and  kTe  =  10  eV,  the  return  current  area 
is  A  =  irr2  =  3xl0-9  m2 .  Actually,  ne(r)  will  rapidly  increase 
above  the  assumed  value,  reducing  A  further.  Thus  the  estimated  value  of 
the  radius  of  r  <  30  ym  is  of  the  same  order  as  the  radius  of  the  outer 
crater  rim.  The  location  of  the  outer  crater  rim  thus  may  indicate  how  far 
the  return  current  area  has  expanded  during  the  limited  burntime  of  the 
arc. 


3.  EXPERIMENT 

A  plasma  generated  by  a  neodymium  laser  pulse  was  used  to  study 
unipolar  arcing  on  solid  material  surfaces.  A  Korad  K-1500  laser  was 
operated  in  the  Q-switched  mode.  Nominal  learn  pulse  half  vidth  of  the  laser 
was  25  ns.  Incident  laser  energy  was  varied  by  insertinq  neutral  density 
filters  of  varying  transmittance  in  the  beam  path.  For  low  energy  shots  the 
laser  amplifier  was  not  fired.  Laser  energies  on  target  between  0.0075  and 
10  joules  were  obtained  by  these  techniques.  The  beam  was  focused  to 
various  spot  sizes  on  the  target  to  provide  further  variation  in  power 
density  at  the  target.  Laser  energy  at  each  shot  was  measured  using  a  Laser 
Precision  RK-3200  Pyroelectric  Energy  Meter,  with  a  RE  r49  detector  reading 
via  an  8%  splitter  in  the  main  beam. 

The  laser  pulse  was  directed  onto  targets  placed  in  a  vacuum  chamber. 
The  vacuum  system  using  an  oil  diffusion  pump  and  a  liquid  nitrogen  cooled 
baffle,  was  capable  of  providing  chamber  pressures  of  the  order  10~6 
Torr.  To  obtain  a  smooth  surface  the  target  disks  were  metallographically 
polished  with  a  final  polishing  slurry  of  0.05  ym  AI2O3.  Before  being 
mounted  in  the  test  chamber,  each  specimen  was  cleaned  with  acetone.  After 
one  laser  shot  the  damage  on  the  polished  surface  was  observed  with  an 
optical  and  a  scanning  electron  microscope,  Cambridge  LItereoscan  S4-10. 

4.  LASER-INDUCED    UNIPOLAR    ARCING 

Laser  induced  unipolar  arcing  was  studied  over  a  wide  range  between  two 
extreme,  basically  different  laser-power  and  plasma-dynamic  conditions  on 
various  metals  and  nonconducting  surfaces. 

1.  High  Irradiance 

A  high  power  laser  pulse  is  focused  onto  the  target.  The  laser 
produced  plasma  expands  from  the  small  focal  spot  over  the  target  surface 
into  areas  which  were  not  illuminated  by  the  laser.  The  area  damaged  by  the 
plasma  is  much  larger  than  the  laser  focus  area.  The  existence  of  unipolar 
arc  craters  in  these  areas  proves  that  unipolar  arcing  is  a  plasma-surface 
interaction  process,  independent  of  the  laser-plasma  interaction  processes, 
like  self-focusing,  f ilamentation,  instability,  etc.  The  laser  just  heats 
the  electrons  to  a  sufficiently  high  temperature. 

2.  Low  Irradiance 

A  low  power,  defocused  laser  pulse  is  used  to  determine  the  laser  power 
density  threshold  for  onset  of  unipolar  arcing.  Laser  intensity  variations 
over  the  cross  section  (hot  spots)  cause  breakdown  and  arcing  only  in  areas 
where  the  power  density  was  sufficiently  high.  The  area  damaged  by  the 
plasma  is  smaller  than  the  laser  illuminated  area. 

The  high  and  the  low  irradiance  experiments  will  be  discussed  in  the 
following  paragraphs  and  the  results  on  conducting  and  non-conducting 
surfaces  will  be  compared. 

4.1   High  Irradiance  Laser  Induced  Arcing 

In  the  Q-switched  mode  the  range  of  energies  on  the  target  was  selected 
as  3-5J,  giving  a  power  range  of  100-200  MW.  The  laser  focal  spot  diameter 
is  approximately  0.5  mm.  For  a  200  MW  pulse  this  gives  a  typical  power 
density  of  lO-1-!  W  cm-2.  The  temperature  of  the  laser-produced 
plasma  was  measured  spectroscopically ,  kTe  ~  lOOeV.  Time  of  flight 
measurements  showed  that  the  plasma  expands  rapidly  with  a  velocity  of  about 
10^  cm/s  from  the  focal  spot  on  the  target  surface  in  the  normal  and 
radial  directions. 

The  laser  impact  crater  of  about  0.75  mm  diameter  is  surrounded  by  a 
plasma  damaged  surface  area  of  about  6  mm  diameter.  Although  no  external 
voltage  is  applied,  about  300,000  to  600,000  unipolar  arc  craters/cm2 
are  observable  on  the  stainless  steel  surface  which  was  exposed  to  the 
radially  expanding  plasma  but  not  to  the  laser  radiation.   Figures  4-6  show 


a  sequence  of  SEM  photos  of  the  plasma-damaged  surface  for  increasing  dis- 
tance from  the  laser  focal  spot.  Close  in,  figure  4  shows  a  superposition 
of  arc  craters.  The  oldest  one,  burning  for  a  longer  time  during  the 
existence  of  the  laser-heated  plasma,  have  larger  outer  rim  diameters  of 
30-50  pu.  Smaller  craters  within  larger  ones  are  probably  initiated  towards 
the  end  of  the  laser  pulse.  They  have  smaller  outer  rim  diameters.  If  not 
refilled  by  the  liquid  metal,  craters  show  a  dark  spot  of  about  1  \i  m  size  at 
the  center  representing  the  cathode  spot.  The  size  of  the  outer  rim  craters 
also  decreases  with  increasing  distance  from  the  focal  spot  (figures  5  and 
6).  Figure  6  shows  the  onset  of  crater  formation  near  the  edge  of  the 
expanding  plasma. 


Figure  4.   Overlapping  craters  near  laser  focal  spot.   Outer  rim  crater  size 
depends  on  arc  burn  time. 


Figure  5.   Crater  formation  at  1.5mm  from  laser  focal  spot  v/hich  is  located 
beyond  the  left  side. 


Figure  6.    Onset  of  unipolar   arc   crater   formation  on  highly  polished 
stainless  steel. 


Deep  cathode  craters  of  0.5  to  1  ym  diameter  are  clearly  visible  with  outer 
crater  rim  formation  just  barely  beginning.  The  depth  of  these  fully 
developed  cathode  craters  is  3-6  ym. 

The  short  lifetime  of  the  laser-produced  plasma  allows  the  study  of  the 
temporal  development  of  the  arcs.  The  initial  breakdown  phase  of  unipolar 
arcing  is  documented  by  the  small  but  deep  cathode  craters  formed  furthest 
away  from  the  focal  spot,  figure  6,  where  the  plasma  conditions  favorably 
for  arc  formations  lasted  only  for  a  short  time  because  after  laser  shut  off 
Te  decreases  rapidly  in  the  expanding  plasma.  Further  in,  if  allowed  to 
burn  long  enough,  the  surface  metal  area  A  needed  for  the  electron  return 
current  melts.  The  liquid  is  pushed  outwards  in  the  radial  direction  by  the 
expanding  dense  plasma  and  an  outer  crater  rim  of  5-50  pi.i  diameter  is  formed 
depending  on  the  arc  duration. 

The  depth  of  the  initial  arc  crater  of  3-6  pm,  is  larger  than  the  dia- 
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meter  of  1  ym.  This  indicates  that  the  pinch  magnetic  field  of  40,000  Gauss 
for  a  current  of  10A  and  r  =  0. 5  ym  contributes  to  the  concentration  of  the 
arc  energy  onto  the  small  cathode  spot,  see  figures  2  and  3.  If  We  =  lOeV, 
this  field  can  confine  a  plasma  with  a  density  up  to  4  x  10^°  cm2.  At  this 
density  the  Debye  length  Aq  =  10~"<<1  ym  and  it  is  justified  to  assume 
that  a  high  density  plasma  exists  in  the  arc  hole.  This  represents  a  hollow 
cathode  configuration  and  the  ionization  rate  should  be  high.  The  depth 
of  the  cathode  spot  craters  corresponds  to  a  removal  of  10^  to  10^ 
monolayers. 

Arcing  continues  only  as  long  as  the  laser  pulse  is  heating  the 
electrons  for  50-60  ns .  The  natural  life  time  of  a  micro-arc  seems  to  be  of 
the  order  of  10  ns .  Unipolar  arcing  on  different  materials  has  been 
studied.  All  metals  show  a  very  similar  kind  of  arc  craters.  Evidence  of 
unipolar  arcing  has  been  found  on  all  targets  irradiated  at  atmospheric 
pressure,  that  also  arced  in  vacuum  indicating  that  the  metal  vapor  pressure 
near  the  surface  is  of  the  order  or  even  larger  than  the  atmospheric 
pressure. 

4.2   Determination  of  Low  Irradiance  Threshold  for  Onset  of  Arcing 

The  incident  laser  power  density  for  the  onset  of  arcing  was  determined 
for  type  304  stainless  steel  and  type  2024  aluminum  [11].  Since  the  energy 
output  is  more  easily  controlled  by  the  introduction  of  filters  than  by 
adjusting  laser  power  supply  voltage,  the  incident  power  on  the  target  was 
controlled  in  this  manner.  A  polaroid  camera  was  positioned  above  the 
target  to  note  plasma  formation  by  recording  the  attendant  light.  The  beam 
spot  size  was  measured  by  placing  exposed  polaroid  film  at  the  target 
position  within  the  vacuum  chamber  and  conducting  a  series  of  laser  shots  to 
find  the  average  spot  size  area. 

Using  this  experimental  arrangement  a  series  of  laser  shots  were  made 
to  determine  the  power  density  threshold  for  breakdown  and  plasma  formation 
and  the  power  density  threshold  for  unipolar  arc  formation.  Surface 
breakdown  and  the  formation  of  a  visible  plasma  layer  occur  at  a  laser  power 
density  of  about  10  MW/cm2 .  Unipolar  arcing  has  been  shown  to  be  then  the 
primary  plasma-surface  interaction  process  once  plasma  formation  occurs. 
Figures  7  and  8  provide  a  comparison  of  the  extent  of  damage  between 
25.5  MW/cm2  and  5.4  MW/cm2.  Figure  9,  an  enlargement  of  figure  8,  shows 
the  minimal  damage  observed  at  5.4  MW/cm2.  The  characteristic  shape  of 
unipolar  arcs  becomes  clearly  visible  in  the  enlarged  photo,  a  small  dark 
cathode  spot  at  the  crater  center  surrounded  by  a  pronounced  rim. 

A  review  of  the  target  damage  reveals  that  the  damage  was  not  evenly 
distributed  across  the  laser  illuminated  area  but  rather  was  concentrated  in 
one  quadrant,  due  to  non-uniformity  in  the  laser  beam,  figures  7  and  8.  The 
locations  of  the  beam's  hot  spots  coincide  exactly  in  shape  and  location 
with  the  observed  target  damage.  Since  the  area  used  in  calculating  power 
density  assumed  a  uniform  distribution  of  energy,  the  threshold  density 
reported  above  can  only  be  accurate  as  an  order  of  magnitude  power  density 
for  this  particular  laser. 

The  data  thus  obtained  suggest  that  the  power  density  threshold  for  the 
onset  of  breakdown  and  for  the  onset  of  unipolar  arcing  are  the  same.  The 
onset  of  arc  damage  is  coincident  with  onset  of  breakdown  and  plasma 
formation.  Never  was  there  a  plasma  evident  without  attendant  unipolar 
arcs.  At  low  power  density  there  was  no  other  direct  laser  damage  (like 
melting)  observed  on  the  target.  In  fact,  all  damage  was  in  the  form  of  arc 
damage . 

Figures  10  and  11  show  patterns  of  micro- arc  craters  produced  on 
polished  stainless  steel  by  an  unfocused  medium  power  Q-switched  laser 
pulse.  Arcing  seems  to  follow  the  interference  fringes  of  the  laser  output 
as  clearly  visible  near  the  edge  of  the  laser  illuminated  area.  Breakdown 
and  arcing  occur  in  the  regions  of  constructive  interference.  The  expanding 
plasma  pushes  the  liquid  surface  layers  to  form  a  rim  in  the  region  of 
destructive  interference. 
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Figure  7.   Arc  damage  on  stainless  steel, 
defocused  laser  pulse  of  25.5  MW/cm2  . 
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Figure  8.    Onset   of  arcing   on 
stainless  steel  at  5.4  MW/crn2  . 
Same  nagni f ication  as  figure  7. 
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Figure  9.   Further  magnified  view  of  figure  8. 
formation  at  5.4  MW/cm2. 


Onset  of  breakdown  and  arc 
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4.3   Comparison  of  Conducting  and  Non-Conducting  Surfaces 

Laser  induced  arcing  on  metal  surfaces  has  been  studied  extensively. 
All  metals  investigated,  stainless  steel,  copper,  titanium,  aluminum, 
molybdenum  show  similar  arc  damage,  a  cathode  crater  of  about  1  urn  diameter, 
3-6  ym  deep  and  an  outer  crater  rim  of  5-50  ym  diameter.  Evaporation  of 
material  from  the  cathode  crater  and  the  return  current  flow  through  the 
material  are  essential  for  the  formation  of  a  unipolar  arc.  A  consequence 
of  our  unipolar  arc  model  is  that  reduced  surface  conductivity  and  high 
melting  point  materials  should  influence  the  arc  formation.  The  effect  of 
unipolar  arcing  for  various  types  of  materials  has  been  studied  to  determine 
whether  material  characteristics  have  any  effect  in  reducing  the  arcing 
damage.  Titanium  carbide  coatings  were  deposited  by  an  activated  reactive 
evaporation  process  on  stainless  steel  surfaces.  At  20  °C  the  electrical 
conductivity  of  TiC  is  1/15  the  one  of  SS304,  1.4  x  105  (ohm-cm)-1 .  The 
melting  temperature  of  TiC  is  3410  K,  roughly  twice  the  value  of  SS304  at 
1770  K.  The  large  size  characteristic  unipolar  arc  craters  for  metals  were 
not  observed  on  laser  illuminated  TiC  coatings  [12].  Also,  thermal  energy 
and  momentum  coupling  to  various  target  materials  was  investigated  to  deter- 
mine what  effect  unipolar  arcing  had  on  the  coupling  process  [13].  Even 
though  the  heat  conduction  coefficient  of  TiC  is  about  the  same  as  the  one 
of  SS304,  a  10  ym  TiC  coating  on  SS304  reduced  the  thermal  coupling  to  about 
1/3  of  the  SS304  value.  This  leads  to  the  conclusion  that  large  scale  uni- 
polar arcing  on  metal  surfaces  increases  the  coupling  of  energy  from  the 
laser  heated  plasma  into  the  target. 

A  series  of  TiC-coated  targets  was  irradiated  at  power  densities 
ranging  from  300  to  1000  MW/cm^  and  the  targets  were  subsequently  examined 
for  surface  damage.  Figure  12  pictures  the  edge  of  the  damage  area.  There 
are  regions  of  apparent  melting  and  resolidif ication  in  droplet  form, 
cracking  and  arcing.  Individual  arc  craters  are  clearly  visible  on  the 
right  hand  side  of  the  figure,  in  the  transition  zone  to  the  undamaged  area. 
This  indicates  again  that  unipolar  arcing  is  the  primary  damage  mechanism. 
However,  crater  sizes  are  considerably  smaller.  They  range  from  0.1  to  0.3 
micron  diameter,  with  crater  densities  of  approximately  4.5  x  10°  cm- 2 
in  regions  close  to  the  melted  material.  Cracking  occurs  along  a  narrow 
band  of  arc  craters,  figure  13,  indicating  that  large  stress  formation  is 
associated  with  the  cratering. 

Silicon  coatings  of  1-2  micron  thickness  on  SS304  and  2024  aluminum 
were  also  studied  [14].  Figure  14  is  a  SEM  photograph  of  a  1  micron  silicon 
coating  on  polished  aluminum  prior  to  laser  irradiation.  This  coating  shows 
a  bumpy  structure.  After  irradiation  at  the  power  density  for  onset  of 
plasma  formation  tiny  spheres  of  various  degrees  of  irregularity  appear,  but 
the  coating  does  not  appear  to  have  melted  through.  Figure  15  shows  the 
coating  near  the  edge  of  the  laser  exposed  region.  Arc  formation  starts  on 
the  top  of  the  bumps.  The  crater  density  is  approximately  5  x  10'  cm-  , 
and  the  crater  diameter  is  about  0.1  micron,  again,  about  1/10  of  the  crater 
size  observed  on  metals. 

5.    DISCUSSION 

The  experimental  results  presented  in  this  paper  show  that  unipolar 
arcing  is  the  primary  laser-plasma-surface  interaction  mechanism  which  leads 
to  a  very  non-uniform  energy  deposition  and  crater  damage  on  the  surface. 
Since  the  scale  lengths  are  very  small,  typically  1  ym  for  the  cathode  spot 
on  metals  and  the  electrons  provide  the  current  flow,  unipolar  arcing  should 
be  considered  as  a  fast  evolving  process  with  arcs  forming  within  a 
nanosecond  or  less. 

The  initial  absorption  of  laser  radiation  and  plasma  heating  occur  in 
the  underdense  plasma  close  to  the  surface.  The  release  of  material  from  a 
cathode  spot  leads  to  locally  increased  absorption  of  laser  radiation  and 
build-up  of  the  plasma  pressure  until  the  critical  density  is  reached.  Heat 
conduction  by  electrons  and  short  wave  length  plasma  radiation  provide  the 
energy  transport  through  the  overdense  plasma  to  the  target  surface.  Many 
laser-plasma  instabilities  have  been  discussed  which  may  cause  non- 
uniformities  near  the  critical  density  region.    No  attention  has  been 
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Figure  10.   Laser-produced  arc  pattern  near  edge  of  laser  illuminated  area 
Arrows  show  onset  of  arcing  in  ring  pattern. 
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Figure    11.       Laser-produced    micro-arc    pattern    on    SS304,     ilefocused    laser 
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Figure  12.   Unipolar   arc   craters  on  TiC  coated   SS304  after  irradiation  at 
300  MW/cm2. 
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Figure  13.     Cracked   TiC   coating  on   SS304  after   irradiation   with  1096 
MW/cm2.   The  bottom  part  shows  removal  of  a  surface  layer.  Along  the  edges 
of  the   removed   TiC  area,   cracking   follows   a  narrow  band  of  arc  craters 
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Figure  14.   One  micron  silicon  coating  over  polished  2024  aluminum  before 
irradiation. 


Figure  15.   Silicon  coating  after  irradiation  with  400  MW/cm2  near  edge  of 
irradiated  area. 
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given  to  arcing  which  leads  to  non-uniform  ablation  of  the  material  and  thus 
also  to  a  modulation  of  the  critical  density  contour.  The  onset  of  arcing 
on  conducting  and  non-conducting  surfaces  will  be  discussed  in  the  following 
paragraphs . 

5.1  Formation  of  Low  Density  Breakdown  Plasma 

The  initial  breakdown  phase  may  be  characterized  by  the  build  up  of  a 
low  density  plasma  layer  in  front  of  the  surface  with  a  density 
neo<<nec  where  nec  is  the  critical  density.  This  initial  plasma 
layer  may  be  formed  by  photo  electrons  and  ionization  of  neutral  particles 
at  a  distance  X  /4  from  the  surface  where  for  normal  incidence  the  first 
maximum  in  the  electric  field  occurs  due  to  the  superposition  of  the 
incident  wave  and  the  wave  reflected  on  a  metal  surface.  A  sheath  will  form 
immediately  since  the  sheath  potential  Vf  is  independent  of  the  plasma 
density.  The  electron  temperature  might  be  of  the  order  of  5  to  20eV. 
Spatial  variations  of  the  laser  intensity  will  produce  density  variations  in 
this  initial  plasma  layer.  The  electron  density  can  be  estimated  from  the 
laser  produced  arc  pattern  of  figure  11.  The  ring  width  of  about  30  micron 
is  much  larger  than  the  laser  wave  length.  The  existence  of  the  pattern  of 
this  size  implies  that  the  local  sheath  width  should  be  smaller  than  30  ym, 
otherwise  the  pattern  would  be  "washed  out."  This  assumption  Ad<<30  ym 
allows  to  estimate  a  lower  limit  of  the  plasma  density.  Assuming  again  an 
initial  AD=  10~4  cm  and  TQ  =  lOeV,  we  estimate  neo  >  5  x  1014  cm-3. 

In  accordance  with  eq  (6)  the  sheath  electric  field  increases  with  the 
local  build  up  of  the  plasma  pressure  as  E  a  pl/2  .  The  dielectric 
strength  of  air  at  atmospheric  pressure  is  30  kV/cm.  If  we  take  this  as  a 
typical  value  for  onset  of  sparking  we  find  from  eq  (6)  that  a  plasma  layer 
of  only  neo  >_  2  x  lO^cm-3  ancj  *kT  e  =  lOeV  provides  already  a 
sheath  electric  field  of  E  >_  30  kV/cm  to  start  spark  formation  at 
atmospheric  pressure.  As  discussed  previously,  any  release  of  neutral 
particles  from  the  surface  leads  to  a  rapid  build  up  of  the  local  plasma 
pressure  and  this  further  increases  the  sheath  electric  field.  Thermally 
enhanced  field  emission  might  begin  at  about  10"  V/cm,  that  is  at  a  plasma 
density  of  about  ne  =  1.25  x  lO-'-'cm-3. 

Finally,  thermionic  electron  emission  from  a  cathode  spot  will  lead  to 
the  formation  of  an  arc.  The  local  build  up  of  the  neutral  and  plasma 
density  then  also  leads  to  non-uniform  absorption  of  laser  radiation. 

5.2  Heating  of  a  Surface  Plasma  Layer  by  Laser  Radiation 

Electrons  change  momentum  through  collisions  with  positive  ions  and 
neutral  particles.  The  frictional  force  acting  on  the  electron  fluir1  is 
equal  to  the  rate  of  change  of  momentum,  and  the  equation  of  motion  for  a 
cold  unmagnetized  plasma  becomes  now 
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m   -5T^-  =  ~eE  "  m  V   (v  .  +  v   ) 
e  dt  e  e   ei    eo 

where  v  ej.  and  v  eo  are  the  collision  frequencies  for  momentum 
transfer  due  to  collisions  with  ions  and  neutral  particles  respectively.  The 
collision  frequency  in  a  fully  ionized  plasma  depends  on  n^  and  Te  as 

v  .  =  0.29  x  10~6  (n.Z2£«A)/(T  ) 3/2 
ei  i         e 

where  Te  is  measured  in  eV  and  n^  in  cm-3,  Z  is  the  ionic  charge  and 
the  Coulomb  logarithm  is  of  the  order  in  A~10.  Electron-neutral 
collisions  dominate  for  a  weakly  ionized  plasma,  vei<<veo  /  an^ 
veo  depends  on  the  neutral  particle  density  n0  the  collision  cross 
section  oQ  (a  is  of  the  order  5  x  10-16cm2)  an(j  the  electron 
thermal  velocity 

veo  =  noaoy 
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Thus,  assuming  that  V  e^  and  v  eo  are  independent  of  the  fluid 
velocity  Ve,  we  find  for  an  electromagnetic  wave  of  frequency  co  for  Ve 
the  solution 

2 
n  e 


■+  -*■  e  ~*     ± 

1   =  en  V  ■  -S-, r — : — \  ^  •   E  =  oE 

J     e  e   m  (v  .  +  v   )  +  ico 


e   ei     eo 


where    the    conductivity 

n  e       f(v    .    +   v      )      -    iio 
e  L     ei  eo  J 


o   = 


m 
e 


f(v    .    +    v      )       +   co    1 
L     ei  eo'  J 


The  dispersion  relation  for  transverse  electromagnetic  waves  in  a  plasma  can 
be  written  as  c2  =  £co2/fc2  with  the  dielectric  constant  given  by 


e  =  1  +  ^° 


1C0£, 


Thus  the  dispersion  relation  becomes 

2  ...2 


CO 


,22    2    .   "pe .  _   Pe    ei    eo 

k  c   =  to     I-  — *■ 


.  ic°Pe   (vei  +  Veo> 
(vei  +  Veo)2  +  »*        u  [(vei  +  Veo}  2  +  ^l 
where  the  plasna  frequency  is  defined  as  ^pe  =  (nee2/me£0 ) 1/2 

For  the  assumed  initially  weakly  ionized  plasma  layer  of  ne  =  5  x  10^  cm"^ 
(which  is  many  orders  of  magnitude  below  the  critical  density  of 
nec  =  10^1  cm~3  for  Nd  laser  radiation)  and  a  neutral  density  layer  of 
no  =  2.7  x  10l3cm-3  (which  corresponds  to  atmospheric  density  at  0°C  and 
760  Torr)  ,  we  find  u>2  <<  ^2  ,  and  \>  ■  <<  y  ~  2  x  1012  <<  co  and  eq  (10) 
simplifies  to 

2  2 

2  i  co         |       10)         V  0  ->->-> 

S—     =      1   -   JB9-L        Pe      eo   =  n2   =    (n„   -    inT)2   =   nj   -    nT2    -    2in   n 


TT T  ■"■   "         2" 3 n      ~    U1R  "    inl'       "   IlR      "    "I  *A"R"I      (ID 

co  /k  i  co      /        co 


The  refractive  index  n2  =  e.  is  complex.  Because  of  (veo/co)  <<  1  the  real 
part  of  the  refractive  index  becomes  the  familiar  expression  for  an  electro- 
magnetic wave  in  a  plasma 

,  /         m       2    /  2a/2 

nR   ~    ck/co      =    (1    -   cope  /co    ) 

The  imaginary  part  of  the  complex  wave  vector  k  describes  the  damping  of 
wave  amplitude  due  to  collisions.  Since  the  intensity  I  is  proportional 
to  the  square  of  the  amplitude,  we  find  that  the  absorption  coefficient 


in  the  equation 


1    "  Zoe 


becomes 

a  =  -2  ImCk)  =  -2(co/c)  n 
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From  eq  (11)  also  follows,  -2  n^n^  =  Im(£).   Thus  a   can  be  written 

a  =  (w/cnR)  Im(e) 
The  absorption  length  I    =  1/a  becomes 

„     co)2       3.3  x  1031  (12) 

t   ~   — = =  = cm 

a)   v       n  A  v  _ 
pe  eo      e   eo 

where  ne  is  measured  in  cm~3  and  A  in  micron. 

Since  z/l<<l    the  intensity  absorbed  by  the  plasma  becomes 

IQ  -I  s  IQ(z/£)  (13) 

It  is  noteworthy  from  eq  (12)  and  (13)  that  the  absorption  of  laser 
energy  per  electron  in  a  weakly  ionized  surface  layer  of  depth  z  is 
independent  of  ne 

2  2 

I  z     I  a)    v„„    IX  v  „  nil 

o      o  pe   eo  _   o   eo  vj.'U 

n  z-c       2        -,  -.    n  n31 
e     n  co)        3.3  x  10 
e 


Consequently,  electron  heating  will  occur  for  any  initial  electron  density 
present  near  the  surface  and  it  will  increase  with  the  desorption  of  surface 
layers  of  absorbed  gases  (CO2,  H2O,  etc.)  because  v eo  increases  with 
the  build  up  of  the  neutral  particle  density.  For  atmospheric  pressure 
initially,  the  laser  damage  threshold  is  of  the  order  lBJ/cm^  for  short 
pulse  Nd  radiation.  From  eq  (14)  we  estimate  then  that  an  electron  absorbs 
5.6eV.  Ionization  will  occur  if  this  energy  becomes  thermalized  between  the 
electrons.  The  existence  of  the  sheath  will  enhance  the  electron-electron 
collision  rate  since  most  of  the  electrons  will  be  reflected  in  the  sheath 
and  their  velocity  component  u z  goes  through  zero,  thus  increasing  the 
Coulomb  collision  cross  section. 

For  a  perfectly  reflecting  surface  the  time  averaged  value  of  a   stan- 
ding wave  shows  spatial  intensity  variations  as 


T,2    .„  2   .  2  /2ttz\ 

E   =  4EQ   sxn   (— ] 


with  maxima  of  4  times  increased  intensity  located  at  z  =  A/4,3A/4,...  This 
higher  intensity  and  the  release  of  neutral  particles  from  the  surface 
should  considerably  increase  the  electron  heating  in  the  A/4  region.  Figure 
16  shows  schematically  this  influence  of  the  neutral  density  gradient  on  the 
preferential  rapid  electron  heating,  ionization  and  breakdown  in  a  surface 
layer,  near  z  =  A/4.  The  average  speed  of  water  molecules  released  from  the 
surface  at  25°C  is  592m/s .  For  A  =  1.06  um,  the  time  for  desorbed  molecules 
to  travel  a  distance  of  A/4  is  thus  0.4  ns .  This  time  will  be  even  shorter 
as  rapid  surface  heating  will  occur.  This  discussion  indicates  that 
electrons  can  gain  sufficient  energy  to  ionize  neutrals,  thus  further 
increasing  the  electron  density  and  consequently  the  absorption  coefficient. 
This  feedback  mechanism  will  lead  to  rapid  ionization  and  build  up  of  the 
local  plasma  pressure  until  the  arc  ignites.  Furthermore,  laser  energy  will 
be  preferentially  absorbed  and  less  reflected  where  the  arc  burns  since 
relative  large  amounts  of  material  will  be  ejected  from  the  cathode  crater. 
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Figure  16.  Absorption  of  short-pulse  laser  radiation  near  a  reflecting 
surface.  The  neutral  density  gradient  in  front  of  the  surface  is  caused  by 
blow-off  of  surface  material. 


This  contributes  to  a  non-uniform  laser  energy  deposition  and  plasma  build 
up  above  the  cathode  spot  until  the  critical  density  is  reached. 

5.3   Unipolar  Arcing  on  "Non-Conducting"  Materials 

It  is  apparent  that  laser-target  interaction  with  its  attendant 
plasma-induced  arcing  is  a  dynamic  process  which  must  be  described  in  terms 
of  constantly  changing  variables.  Such  variables  include,  but  are  not 
limited  to,  plasma  temperature  and  density,  laser  power  and  pulse  duration, 
neutral  particle  density,  absorbed  gases,  target  material  and  surface 
preparation,  physical  properties  of  the  target,  like  thermal  and  electrical 
conductivity  and  vapor  pressure  as  function  of  surface  temperature.  The 
observed  small  scale  cratering  on  non-metallic  materials  indicates  that 
their  surfaces  exposed  to  a  plasma  require  sufficient  conductivity  to  pro- 
vide the  electron  return  current  flow  to  the  cathode  spot.  The  modification 
of  the  sheath  potential  due  to  the  radial  pressure  gradient,  eq  (7)  and  (8) 
provides  an  r-dependent  electron  flow  from  the  plasma  to  the  surface  ring 
area  2iTrAr 


=  2TTrArn  (r)e(kT  /2-nm)1^2 


exp 


e[V  (r)-V  (r)]/kT 
p     we 


(151 


where  Vp(r)  is  the  plasma  potential  Vw(r)  the  potential  of  the  wall  and 

the   sheath  potential   is    Vs(r)   =   Vp(r)-Vw(r).     The   ion   flow   to   the 

surface  is  determined  by  the  number  of  ions  entering  the  sheath,   which 

corresponds  to  the  ion  saturation  current  [15]  and  it  is  independent  of  the 
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sheath  potential 


ig  =  0.4  eni(r)  (2kTe/Mi  )^irrAr 


Differences  between  i~  and  i+  will  charge  the  surface  with  a  net  charge. 
Since  n^(r)  =  ne(r)  it  is  the  exponential  term  in  eq  (15)  which  controls 
the  net  surface  charge  density.  Electron  and  ion  flows  are  equal  when  the 
sheath  potential  has  the  value  of  the  floating  potential,  Vs  =  Vf  .  For 
Vs(r)  <  Vf  we  find  i~>i+  .  Since  in  accordance  with  eq  (8)  the  plasma 
potential  decreases  with  increasing  distance  r  from  the  the  high  plasma 
pressure  region  above  the  cathode  spot  the  surface  areas  2iTrAr  will  be 
charged  more  negative  with  increasing  r.  The  r-dependent  net  surface  charge 
density  causes  then  a  surface  radial  electric  field  with  the  electron 
emitting  cathode  spot  being  more  positive  than  the  negatively  charged  sur- 
rounding ring  areas.  Electron  surface  mobility  and  diffusion  will  determine 
the  electron-ion  recombination  rate  on  the  surface  and  the  electron  return 
current  flow  to  the  cathode  spot. 

The  small  size  observed  for  craters  on  silicon  and  Tic  in  comparison  to 
the  larger  size  cathode  craters  for  metals  may  be  qualitatively  explained 
by  the  higher  resistivity  encountered  by  the  surface  electron  return  current 
which  converges  radially  inward  to  the  cathode  spot.  If  ohmic  heating  is 
assumed  to  be  the  primary  source  for  vaporization  of  material  from  the 
cathode  spot,  a  smaller  cathode  spot  diameter  is  required  to  achieve 
sufficient  current  density.    The  power  dissipated  per  crater  volume  V  is 

P/Vm=  j2(r)/as 

where  as  is  the  surface  conductivity  of  the  material.  At  the  cathode  spot 
we  must  have  j(r)  ~  jarc*  Neglecting  differences  in  arc  current  den- 
sities and  binding  energy,  dimensional  analysis  indicates  that  the  crater 
size  r0  should  scale  with  conductivity  roughly  as  os a  r0^  which  is 
in  qualitative  agreement  with  the  experimental  observation  that  lower  con- 
ductivity material  show  smaller  crater  size.  In  the  case  of  Tie  the  resis- 
tivity is  almost  two  orders  of  magnitude  larger  than  the  one  for  aluminum. 
The  size  of  craters  observed  on  Tie  is  0.1  to  0.3  pm  diameter  while  for 
metals  the  cathode  crater  is  typically  0.7  to  1.5  um.  The  actual  size  would 
depend  also  on  the  burn  time  of  the  arc.  It  is  recommended  that  unipolar 
arcing  on  various  non-conducting  materials  be  further  investigated. 

SUMMARY 

Unipolar  arcing  has  been  shown  to  be  the  primary  plasma-surface 
interaction  process  when  a  laser  produced  plasma  is  in  contact  with  a 
surface.  Evidence  of  unipolar  arcing  was  found  on  all  targets  irradiated  at 
atmospheric  pressure  that  also  arced  in  vacuum,  stainless  steel,  titanium, 
molybdenum,  copper,  and  aluminum. 

Cratering  was  observed  even  for  a  defocused  and  low-power  laser  pulse. 
The  minimum  laser  power  density  required  for  the  onset  of  breakdown  on  the 
surface  is  also  sufficient  to  cause  arc  damage.  Never  was  there  a  plasma 
evident  without  attendant  unipolar  arc  craters.  About  500,000  arc  craters 
per  cm^  have  been  observed  on  laser  illuminated  metal  surfaces  although 
no  external  voltage  is  applied.  Smaller  size  craters  with  a  density  of 
about  lO^/cm^  have  been  found  on  higher  resistivity  materials.  The 
higher  resistivity  requires  the  radially  inward  surface  return  current  to 
converge  to  a  smaller  cathode  spot  size  to  achieve  sufficient  power  density 
to  vaporize  and  ionize  the  material  required  for  running  the  unipolar  arc. 

The  local  increase  of  the  plasma  pressure  above  the  cathode  spot  leads 
to  an  electric  field  configuration  which  drives  the  arc  current  and  also 
facilitates  the  return  current  flow  to  the  surface  and  cathode  spot. 

Unipolar  arcing  concentrates  the  available  laser-plasma  energy  towards 
the  cathode  spot.  Large  scale  unipolar  arcing  on  metal  surfaces  increases 
the  coupling  of  energy  from  the  laser  heated  plasma  into  the  target.  The 
ejection  of  a   plasma   jet   from  the   cathode   crater   also   causes   highly 

20 


localized  shock  waves  to  propagate  into  the  target,  softening  it  in  the 
process.   Thus,  material  erosion  is  much  more  severe  than  it  would  be  the 
case  for  uniform  energy  deposition  over  a  larger  area. 

This  research  has  wide  spread  applications.   Any  situation  in  which  a 
sufficiently  hot  surface  plasma  exists  there  will  be  unipolar  micro-arcing, 
The  physics  relates  to  other  forms  of  electrical  breakdown  on  surfaces  and 
electrodes . 
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